Bulk magnetization, neutron-diffraction, and muon-spin-rotation/relaxation ͑ + SR͒ measurements have been performed to study magnetic ordering behavior in ␤Љ-LiFeO 2 . At room temperature, structural short-range order of Fe atoms was observed with correlation length roughly corresponding to inter-Fe distance. Bulk magnetization, + SR and neutron diffraction all suggest that ␤Љ-LiFeO 2 is similar to a superparamagnet in the range 110Ͻ T Ͻ 170 K, possibly due to the formation of small spin clusters attributable to atomic short-range order. At lower temperatures, gradual increase in the muon precession frequency as well as the neutron diffuse scattering intensity were observed below 110 K, indicating development of intercluster correlations. While a bulk magnetic ordering was detected in the + SR results, neutron diffraction concludes that the intercluster correlations are definitely short ranged; the correlation length was estimated as s Ϸ 14 Å, which is almost temperature independent.
I. INTRODUCTION
Lithium transition-metal dioxides ͑LiMO 2 with M =V, Cr, Co, and Ni͒, belong to the rhombohedral system ͑space group R3m͒ with a layered ␣-NaFeO 2 structure. These compounds have been heavily investigated since 1970s, 1,2 originally due to their complex magnetic nature caused by the layered structure. The structure is formed by an alternating stacking of Li planes in between MO 2 planes in which M ions form a two-dimensional triangular lattice by the connection of edge-sharing MO 6 octahedra. In 1980, it was found that Li ions are easily deintercalated by electrochemical reaction down to x Ϸ 0.1 for LiMO 2 with M = Co; in fact, this is the principle behind the operation of Li-ion batteries. 3 Since then, the majority of research into LiMO 2 has focused primarily on their electrochemical properties, with the aim of improving LiCoO 2 and/or searching for new materials for Li-ion batteries. 4, 5 In order to further develop a cheap, safe, and environmentally friendly battery, the most preferable material was naturally thought to be LiMO 2 with M = Fe. Unfortunately, a reversible Li intercalation/deintercalation behavior has never been found for LiFeO 2 with the ␣-NaFeO 2 structure, probably due to the presence of Fe ions in the Li plane. 6, 7 We have previously initiated a positive muon-spin rotation and relaxation ͑ + SR͒ investigation of LiCoO 2 , 8-10 LiNiO 2 , 11 and LiCrO 2 ͑Ref. 12͒ to study magnetic groundstate effects due to geometrical frustration in the twodimensional triangular lattice of the MO 2 plane. Since + SR is very sensitive to local magnetic environments, it is a powerful tool for detecting the short-range magnetic order that often appears for frustrated systems. Indeed, we found the appearance of antiferromagnetic ͑AF͒ order for LiCoO 2 , 8 in contrast to the result of past photoelectron spectroscopic measurements 13 and the prediction from electron structural calculations.
14 For LiNiO 2 , the ground state was not clarified, in spite of a huge number of magnetic studies 15 including + SR and neutron-scattering measurements. 16, 17 Our systematic + SR experiment on Li x NiO 2 with 0.1Յ x Յ 1, however, demonstrated the formation of short-range A-type AF order for LiNiO 2 below its T N ͑=15 K͒. 11 Finally, a very recent + SR work on LiCrO 2 clearly excluded the formation of short-range magnetic order above T N ͑=61.2 K͒ ͑Ref. 12͒ while heat-capacity measurements indicated the presence of a magnetic contribution up to 200 K. 18 It was, therefore, a natural step to extend the investigation into LiFeO 2 .
Past work on LiFeO 2 showed the existence of many structural polymorphs. 6, 7, [19] [20] [21] [22] [23] [24] [25] Even for the compounds containing FeO 6 octahedra, there are eight different phases, that is, cation-disordered ␣-LiFeO 2 , cation-ordered tetragonal ␥-LiFeO 2 , and three intermediate phases between them, i.e., ␤ ‫ء‬ -, ␤Ј-, and ␤Љ-LiFeO 2 , layered ␣-NaFeO 2 -type LiFeO 2 , layered LiMnO 2 -type LiFeO 2 , and hollandite-type LiFeO 2 . Among them, the ␤Љ-LiFeO 2 is of particular interest since its structure ͑illustrated in Fig. 1͒ is very close to the simplecubic ␣ phase, where the ͑Li, Fe͒O 6 octahedra form threedimensional cubic lattice. ͑Indeed, the lattice-constant ratio c / a Ϸ 1.01 in ␤Љ-LiFeO 2 .͒ It is very interesting to study the effect of magnetic ions at the Li site on the whole magnetic nature of LiMO 2 , as the Ni ions at the Li site are known to induce a drastic change in the magnetism of LiNiO 2 . 26 Because of the cation disorder, ␤Љ-LiFeO 2 is, therefore, thought to be a good reference to clarify such effect. In fact, despite its rather simple structure, ␤Љ-LiFeO 2 shows quite complicated magnetic behavior as follows: magnetic-susceptibility ͑͒ and Mössbauer spectroscopy measurements were per-formed for the ␤Љ phase by Tabuchi et al. 27 The ͑T͒ curve obtained in zero-field-cooled ͑ZFC͒ mode with a relatively high magnetic field of H ext = 5 kOe showed two anomalies: at T m1 Ϸ 120 K an inflection point is seen, whereas an apparent peak was observed at T m2 Ϸ 50 K. The Mössbauer spectrum obtained at the lowest T measured ͑4.2 K͒ exhibits clear sextets. Since the sextets were also observed at 77 K, the authors speculated that the magnetic order is established at T m1 . This speculation naturally leads to the following questions for the magnetism of ␤Љ-LiFeO 2 : ͑1͒ Does the whole volume exhibit the magnetic transition at T m1 ? ͑2͒ Is the magnetic order short range or long range? ͑3͒ What is the origin of the anomaly at T m2 ? ͑4͒ What is the ordered spin structure? Since we could not find any systematic study of the magnetic properties of the ␤Љ-LiFeO 2 in the literature, we have performed both + SR and neutron-diffraction ͑ND͒ experiments, together with precise measurements with various H ext .
A simple consideration based on the crystal structure of ␤Љ-LiFeO 2 predicts the absence of long-range magnetic order due to a random distribution of Li and Fe.
+ SR is, thus, one of the most suitable techniques for investigating the internal magnetic field below T m1 . On the other hand, ND provides information on a correlation length of magnetic/atomic order, whether it is short ranged or long ranged while + SR gives no information on the correlation length. Furthermore, since the combination of , + SR, and ND measurements covers a wide range of time window and spatial resolution, we can expect to elucidate the complete magnetic nature of ␤Љ-LiFeO 2 .
II. EXPERIMENTAL DETAILS
Powder samples of ␤Љ-LiFeO 2 were prepared following the method described in Ref. 27 : the sample was synthesized using a steam pressure autoclave ͑98 ml, MR98 OM LAB-TECH͒ equipped with a Teflon inner lining to prevent the strong alkali solution to react with the autoclave. We note that there are several confusing notations about the ␤ phases of LiFeO 2 . [19] [20] [21] 28 The presently prepared phase is the one defined as the ␤Љ phase in Ref. 27 , which indeed is the cation-disordered tetragonal phase with lattice constants a = 2.936 Å and c = 4.192 Å. The quality of the prepared sample was checked using powder x-ray diffraction ͑Cu K␣͒, and the ratio of Fe and Li ions was determined to be Fe/ Li = 1.074͑8͒ using inductively coupled plasma ͑ICP͒ mass spectroscopy. Magnetization was measured using a superconducting quantum interference device magnetometer MPMS-XL ͑Quantum design͒ in the temperature range 1.8 Ͻ T Ͻ 300 K under several dc external fields.
Muon-spin rotation and relaxation ͑ + SR͒ spectra were measured at the Swiss Muon Source ͑SS͒, Paul Scherrer Institut, Villigen, Switzerland. By using the surface muon beamline E1 and the Dolly spectrometer, zero-field ͑ZF͒ and weak transverse-field ͑wTF͒ spectra were collected for 1.7 K Յ T Յ 250 K. The experimental setup and techniques were described in detail elsewhere. 29 The powder sample was placed in a small envelope made of very thin Al-coated Mylar tape and then attached to a low-background fork-type sample holder.
Neutron-diffraction experiments were performed using the triple-axis spectrometer ISSP-4G GPTAS at the JRR-3 research reactor ͑Tokai, Japan͒, operated in double-axis mode. Incident neutrons of = 1.64 Å were selected using the pyrolytic graphite ͑PG͒ 002 reflections, whereas higher harmonic neutrons were eliminated using the PG filter. Typically, collimations of 40Ј −20Ј −20Ј were employed. The powder sample was loaded in a double cylindrical annular sample cell with the outer diameter o = 22 mm, inner diameter i = 19.5 mm, and height h = 45 mm. The annular cell was loaded in an Al can and then attached to a closed cycle 4 He refrigerator with the lowest working temperature of Ϸ2.4 K.
III. EXPERIMENTAL RESULTS

A. measurements
Temperature dependence of field-cooled ͑FC͒ and ZFC magnetizations is shown in Fig. 2 cation temperature decreases as the external field increases and it becomes approximately 30 K at the highest field H ext = 30 kOe. In an earlier report, 27 an anomaly related to a magnetic ordering is suggested at T Ϸ 50 K from an apparent peak observed in the ZFC susceptibility under H ext = 5 kOe. However, as is clearly seen in Fig. 2 , the peak temperature in the ZFC run is strongly field dependent, i.e., the assignment of a magnetic anomaly at T Ϸ 50 K in the earlier report is only valid at the specific external field H ext = 5 kOe. Therefore, the anomaly at T Ϸ 50 K is not an intrinsic zero-field property but should be regarded as a bifurcation of the same origin as that at T m0 under zero field, suppressed continuously to lower temperature by the external field.
The inverse of the ZFC magnetization at H ext = 30 kOe is also shown in Fig. 2͑b͒ . Linear behavior is clearly seen for the inverse magnetization above 150 K and by fitting the inverse magnetization to the Curie-Weiss law 1 / M͑T͒ = ͑T − ⌰͒ / CH ext , we obtained a Weiss temperature ⌰ = −177Ϯ 1.2 K and an effective moment size eff = 5.62Ϯ 0.01 B . It may be noteworthy that the obtained parameters are only valid for the data taken at H ext = 30 kOe; different external field may give different parameters since the field dependence of the magnetization is strongly nonlinear. We note that the size of the presently estimated effective moment is fairly consistent with the one reported by Anderson et al. 30 ͑ eff = 5.48 B ͒ but somewhat deviates from the one by Tabuchi et al. 27 ͑ eff = 4.80Ϯ 0.02 B ͒. Tabuchi et al. 27 infer that their sample includes small amount of an impurity phase ͑LiFe 5 O 8 ͒ and shows slight deviation in occupation factors from stoichiometry. Thus, we conclude that these two facts are the sources of inconsistency between present eff and the one by Tabuchi et al.
B. + SR results
The + SR technique provides information regarding the local magnetic environment around + 's, which usually locate in the vicinity of O 2− ions, so as to make a stable + -O bond in the ␤Љ-LiFeO 2 lattice. This is a common situation in oxides, as, for example, in the high-T c cuprates case 31 or quasi-one-dimensional vanadium oxides. 32 In order to discover the overall nature of the AF transition, we measured + SR spectra in a wTF ͑=30 Oe͒. Here, "weak" means that the applied field is significantly less than any possible spontaneous internal fields ͑H int ͒ in the ordered state. A wTF-+ SR technique is sensitive to local magnetic order via the shift of the + spin precession frequency and the enhanced + spin relaxation. Figure 3 shows the variation in the wTF time spectra at different temperatures. When T decreases below Ϸ120 K, the oscillation amplitude due to wTF rapidly decreases, indicating the appearance of additional strong H int . The wTF-+ SR spectrum was consequently fitted using a combination of a slowly relaxing precessing signal and an exponentially relaxing nonoscillatory signal. The first component is due to the externally applied magnetic field ͑wTF= 30 Oe͒ and the second due to H int ,
where A 0 is the initial ͑t =0͒ asymmetry, P TF ͑t͒ is the muon spin-polarization function, TF is the muon Larmor fre- quency corresponding to the applied wTF, TF is the initial phase of the precessing signal, TF and e are the exponential relaxation rates, and A TF and A e are the asymmetries of the two components of the + SR spectrum. This form was chosen because the externally applied magnetic field is much weaker than the local ͑internal͒ magnetic fields in the ordered phase. By plotting A TF versus T ͓see Fig. 4͑a͔͒ , we can clearly see that the sample has a bulk magnetic transition at T m1 = 112.3 K, where the normalized A TF ͑=A TF / A 0 = N A TF ͒ = 0.5. This is because the normalized A TF corresponds to the volume fraction of paramagnetic ͑PM͒ phases in a sample. We wish to emphasize that + SR provides a very clear evidence for the bulk magnetic transition due to its characteristic spatial and time resolution. It may also be noteworthy that the bulk transition takes place at a temperature lower than the freezing temperature T m0 detected in the magnetization measurement ͓see Fig. 2͑a͔͒ . This clearly indicates that at T m0 only a small portion of the moments freezes; majority of moments remain fluctuating even below the freezing temperature, and order at T m1 . Actually, as T decreases from 250 K, N A TF starts to decrease gradually below around T m0 and then, suddenly drops down to 0 at T m1 .
Although N A TF Ն 0.9 above T m1 , indicating that almost the whole volume of the LiFeO 2 sample is in a paramagnetic state, the TF ͑T͒ curve exhibits a slow increase with decreasing T until T m1 is reached. This also indicates an evolution of local magnetic inhomogeneity starting at higher temperature than T m1 . On the other hand, since the A TF signal eventually disappears below T m1 , it is very difficult to accurately estimate TF below T m1 . The normalized A e ͑=A e / A 0 = N A e ͒ has a nonzero value below T m1 and increases with decreasing T down to 105 K, then decreases with further decreasing T, and finally levels off to Ϸ0.3 below 80 K. The fact that N A e never reaches full asymmetry ͑=1͒ suggests the presence of a fast relaxing/precessing signal in the wTF spectrum. However, in order to distinguish such a signal, the ZF-+ SR technique with high statistics is more suitable.
In order to demonstrate the magnetic nature below T m1 , Fig. 5 shows the T dependence of ZF-+ SR time spectra in the T range between 2 and 130 K. Below T m1 , a clear first minimum is observed in the ZF-+ SR spectrum; the location of the minimum ranges from Ϸ0.007 s at 2 K to Ϸ0.05 s at 90 K. The ZF spectrum is so strongly damped that one can be sure that even below T m1 the Fe moments freeze in a highly disordered fashion, as in the case for Ni moments in LiNiO 2 . 11 We, thus, attempted to fit the ZF spectrum using a dynamic Gaussian Kubo-Toyabe function ͓G DGKT ͑t , ⌬ , ͔͒ for a fluctuating disordered phase. However, we needed an additional fast relaxing nonoscillatory signal for explaining the rapid decay in the early time domain ͑be-low 0.005 s͒ of the ZF spectrum. Therefore, the ZF spectrum was fitted by the combination of a damped cosine oscillation, originating from the static ordered H int , and a slowly relaxing nonoscillatory signal due to the "1/3 tail" caused by the field component parallel to the initial muonspin polarization,
͑2͒
Here, A 0 is the initial ͑t =0͒ asymmetry, P ZF ͑t͒ is the muonspin-polarization function in ZF, M =2 · f M is the muon Larmor frequency corresponding to the ordered H int , M is the initial phase of the precessing signal, M is the exponen- ͑Color online͒ Temperature dependences of ͑a͒ normalized asymmetries ͑A TF and A e ͒, ͑b͒ exponential relaxation rates ͑ TF and e ͒, and ͑c͒ for ␤Љ-LiFeO 2 . The data in ͑a͒ and ͑b͒ were obtained by fitting the wTF spectra using Eq. ͑1͒. was measured both in FC and ZFC modes with H =30 Oe. tial relaxation rate of the precessing signal, tail is the exponential relaxation rate of the tail signal, and A M and A tail are the asymmetries of the two signals.
The fit for the ZF spectrum at the lowest T measured ͑2.5 K͒ yields M =−9°Ϯ 7°͑eventually 0͒, indicating that the spin structure is commensurate to the lattice. This is because incommensurate ͑IC͒ magnetic order usually generates broad field distributions at each crystallographic muon site. In fact, the lattice sum calculation of the dipole field at the muon site ͑H IC ͒ due to an IC magnetic structure lies in a plane and traces out an ellipse. The half length of the major axis of the ellipse corresponds to H max , whereas half of the minor axis corresponds to H min . As a result, the IC magnetic field distribution F IC is generally given by 29, 33 
If we fit the ZF-+ SR spectrum produced by F IC using Eq. ͑2͒, numerical calculations show that M = −45°, 29 whereas M = 0°for commensurate order. This situation also applies to a powder sample because the muon-spin precesses only by the perpendicular component of H int to the initial muon-spin polarization.
Since the preliminary fit at each T indicated that A M , A tail , and were almost T independent except below the vicinity of T m1 , we attempted to fit all the ZF spectra below T m1 using common A M , A tail , and = 0, i.e., a global fit technique. Figure 6 shows the T dependences of the + SR parameters obtained by such global fit with common A M = 0.1553Ϯ 0.0003 and A tail = 0.0547. Note that we fixed the total asymmetry at 0.21, i.e., A M + A tail = 0.21, based on the wTF-+ SR measurements above T m1 . Here A tail is approximately comparable to the expected value for the tail ͑0.07 = 0.21/ 3͒. Actually, making comparison with the result of the wTF measurements, A tail is almost equivalent to A e , which should correspond to the 1/3 tail. This clearly supports the above assignment for the A tail signal.
The f M ͑T͒ curve ͓Fig. 6͑a͔͒ exhibits an orderparameterlike T dependence. That is, as T decreases from T m1 , f M increases monotonically down to Ϸ30 K, and then appears to level off at a value Ϸ60 MHz down to the lowest T measured. This behavior is roughly consistent with the neutron result ͓shown later in Fig. 10͑c͔͒ , where development of short-range spin correlations was observed. Hence, in the T range between 30 K and T m1 , static but highly disordered ͑or short ranged͒ Fe moments evolve with decreasing T, and finally, the evolution completes below Ϸ30 K.
The relaxation rate M also increases monotonically with decreasing T. Although the tail ͑T͒ curve exhibits a maximum around 60 K, its value is two orders of magnitude smaller than M . Furthermore, tail approaches 0, when T → 0. But, at high T, tail usually has a finite value due to thermal fluctuation of H int . 12, 29 Therefore, it is very reasonable to assign this signal as a 1/3 tail signal. Also, this suggests that the fluctuation is gradually suppressed with decreasing T along with the evolution of the magnetic moment.
In order to study the magnetic behavior above T m1 , we carried out ZF-+ SR measurements also for 110 K Յ T FIG. 7. ͑Color online͒ Temperature dependences of ͑a͒ ␤ and ͑b͒ PE for the LiFeO 2 powder, particularly above T m1 . The ZF data were obtained by fitting using Eq. ͑4͒, whereas the wTF data using
Յ 220 K. In spite of the absence of an oscillatory signal above T m1 , the relaxation rate is found to increase rapidly with decreasing T. Since it is difficult to fit the spectrum using a simple exponential relaxation function ͓exp͑−t͔͒ in the whole T range between 110 and 220 K, the ZF-+ SR spectrum is fitted by a power exponentially relaxing signal,
Such "a power exponentially relaxing signal" has been observed for many dense-moment disordered magnetic system 34, 35 in the paramagnetic state. The fit results are shown in Fig. 7 . As T decreases from 220 K, ␤ Ϸ 1 ͑simple exponential͒ down to 170 K, then ␤ decreases with further lowering T, dropping below ␤ = 0.5 ͑root exponential for a dilute disordered magnet͒. 36 This means a gradual increase in the number density of localized magnetic moments, which are detectable within the muon time scale, with decreasing T far above T m1 . Accompanying the change in ␤, PE also increases gradually below 170 K with decreasing T, which becomes quite rapid as T approaches to T m1 . This indicates a broadening of the distribution of H int . This result is therefore consistent with the scenario that disordered moments appear below T m0 Ϸ 170 K and develop with decreasing T, and finally static short-ranged order completes below T m1 . We infer that some of such disordered moments may fluctuate slowly enough so that they may be responsible for the bifurcation behavior of the ZFC and FC magnetizations at T m0 .
C. Neutron scattering
Two anomalies are detected in the magnetization and + SR measurements. At T m0 Ϸ 170 K, a bifurcation in the temperature dependence of the ZFC and FC magnetizations was observed, accompanied by the increase in local disordered moments in ZF-+ SR spectrum. In addition, a bulk magnetic transition into a highly disordered state was detected in the + SR measurements at T m1 Ϸ 112.3 K. We have, therefore, performed a neutron-scattering experiment to gain further insights into the microscopic spin correlations for the two temperature regions. In contrast to the + SR technique, neutron scattering can detect longer-range spatial correlations for both the spins and atoms.
Neutron powder-diffraction patterns at four temperatures T = 2.4, 50, 150, and 300 K are shown in Figs. 8͑a͒-8͑d͒ . There are several extrinsic reflections due to the Al sample cell, which are indicated by arrows in the figure. Other reflections are all indexed by those of the ␤Љ-LiFeO 2 structure, confirming absence of contamination phases in the present sample. The crystallographic parameters were obtained by performing Rietveld analysis using the General Structure Analysis System ͑GSAS͒ suite 38, 39 for the diffraction data in the range of 30°Ͻ 2 Ͻ 90°. In the Rietveld analysis, the occupation factors for Fe and Li ions are fixed at 0.518 and 0.482, respectively, as determined by the ICP analysis. The optimal lattice parameters at the four temperatures are summarized in Table I and the resulting calculated profiles are also depicted in Fig. 8 . Satisfactory correspondences can be seen between the observed and calculated profiles, confirming the validity of the estimated parameters. A larger lattice contraction may be seen for the c axis rather than the a axis as the temperature is decreased and the ratio of ͱ 2a / c becomes closer to unity at base temperature.
As the temperature is lowered, several extra ͑magnetic͒ scattering peaks appear in the diffractogram; with the most 8 . ͑Color online͒ ͓͑a͒-͑d͔͒ Neutron powder-diffraction patterns of ␤Љ-LiFeO 2 at T = 2.4, 50, 150, and 300 K. Reflection indices are given for the pattern at 2.4 K, whereas the vertical arrows stand for powder-diffraction peaks from the aluminum sample cell. Solid ͑red͒ lines stand for the results of the Rietveld fitting assuming ␤Љ-LiFeO 2 structure and the contaminating aluminum reflections. ͑e͒ The temperature difference between the T = 2.4 and 300 K patterns. Vertical solid ͑red͒ lines indicate expected magnetic reflection positions assuming the same spin structure as observed in ␣-LiFeO 2 ͑Ref. 37͒. prominent at around 2 = 19.5°. The temperature dependence of the scattering intensity observed at 2 = 19.5°is shown in Fig. 9 . The intensity starts to increase gradually below T Ϸ 200 K, which is in rough agreement with T m0 detected in the + SR and magnetization measurements, having the difference of times scales in these methods in mind. This confirms the magnetic origin of the increase in the scattering intensity and definitely shows an increase in slowly fluctuating moments in the time window of the neutron experiment ͑i.e., slower than tetrahertz͒. As further decreasing temperature, the slope becomes relatively steeper below 120 K. In the later paragraphs ͓with Fig. 10͑c͔͒ , we will show that this change in the slope indeed corresponds to development of scattering intensity from short-range spin correlations. This temperature is in good agreement with the temperature where the + SR signal shows bulk magnetic transition ͑Figs. 4 and 6͒ and the low-field ZFC susceptibility shows a steep downturn ͑Fig. 2͒. The intensity becomes roughly constant below 50 K, indicating that the increase in magnetic moments finishes around this temperature. This behavior is also consistent with the + SR results shown in Fig. 6͑a͒ . To more clearly distinguish the evolution of the magnetic correlations, we have examined peak profiles around the Q Ϸ 1.3 Å −1 ͑2 = 19.5°͒ in detail. The results are shown in Fig. 10͑a͒ . From the observed profiles, one can clearly see that there are two overlapping peaks in this range. One is a relatively sharp peak, observed only at low temperatures ͑T = 2.4 and 50 K͒. The other is the broad component ͑under-neath the sharp peak͒, which is roughly temperature independent up to 300 K. To parameterize their temperature dependence, the data were fitted to the following function consisting of two Gaussians:
͑5͒ Figures 10͑b͒ and 10͑c͒ show the temperature dependence of the obtained width 1 ͑ 2 ͒ parameter ͑converted into full width at half maximum, FWHM͒ and intensity parameter a 1 / ͱ 2 1 ͑a 2 / ͱ 2 2 ͒, respectively. For the sharp peak, the intensity decreases quickly as temperature is increased. We note that the instrumental resolution estimated using standard Al 2 O 3 reflections is ⌬Q =3ϫ 10
, which is considerably smaller than the peak width. This suggests that the corresponding spin correlations are short ranged even at the lowest temperature. The correlation length was estimated as s Ϸ 14 Å from the peak width, after correcting for the resolution effect. On the other hand, the broad component shows almost temperature independent width and intensity. This corresponds to the very short correlation of b Ϸ 2 Å, which is as short as the interFe/Li distance. Since the broad component stays unchanged even at room temperature, it is highly likely it is of structural origin. Related cation short-range order can be found in ␣-LiFeO 2 , as reported in an electron-diffraction study. 40 The difference between the neutron-diffraction patterns at T = 2.4 and 150 K is shown in Fig. 8͑e͒ . Although several magnetic peaks are visible in the difference plot, they are generally weak and broad, and thus the magnetic structure cannot be uniquely determined solely from the diffraction data. In the literature, the magnetic structure of the ␣-LiFeO 2 , which has similar cation-disordered crystal structure, was determined using powder neutron diffraction as the A-type AF structure. 37 We, therefore, applied this magnetic structure to the present ␤Љ-LiFeO 2 . The magnetic reflection positions for the A-type AF structure are shown by the vertical solid lines in Fig. 8͑e͒ , with their lengths representing the expected powder reflection intensity. As can be seen in the figure, the correspondence between the observed and calculated magnetic peak positions and intensities is satisfactory, indicating that short-range A-type AF order, indicated by the arrows in Fig. 1 , may be realized also in ␤Љ-LiFeO 2 . 
IV. DISCUSSION
A. Structural short-range order
The broad diffuse scattering observed in the neutrondiffraction pattern at room temperature suggests that there is a short-range cation ordering for the Li and Fe atoms. As postulated by Brunel et al., 41 the charge of the oxygen has to be compensated in the octahedral environment with cation short-range order 42 to satisfy the Pauling's electrostatic valence rule. 43 Therefore, the corners of the tetrahedron ͑Fig. 1͒ have to be occupied by three Li 1+ and three Fe 3+ . As discussed for the related ␣-LiFeO 2 , there are only two types of Fe 3+ arrangements that satisfy the local charge compensation: 40 one is a linear Fe-atom arrangement along the ridge of the octahedron, whereas the other is a planar ordering of Fe atoms in an 011 plane. ͑Note that the 011 direction in the tetragonal coordinate corresponds to the 111 direction in the cubic coordinate with which ␣-LiFeO 2 is defined.͒ In the latter case, the other 011 plane will be occupied by Li atoms, and thus there will be a short-ranged alternating stack of the Li and Fe planes along the 011 direction. This will give rise to the broad diffuse scattering around the 0 1 2 1 2 position ͑2 = 19.5°͒, which is indeed observed in the experiment.
B. Two-step freezing
Because of the chemical inhomogeneity due to the shortrange order of Fe atoms, very small spin clusters with characteristic length scale of Ϸ2 Å are probably first formed with decreasing temperature. The bifurcation in the temperature dependence of the ZFC and FC magnetizations at T m0 indicates that freezing of cluster moments takes place for some spin clusters with large spin-flip-energy barrier. On the other hand, the development of the neutron diffuse scattering intensity is quite weak and no oscillatory but only "power exponentially relaxing" signal was observed in the + SR spectra for T m1 Ͻ T Ͻ T m0 . Therefore, the majority of the spins are still fluctuating and the frozen clusters form small islands in a paramagnetic phase. Hence, we suggest that the anomaly at T m0 is rather similar to the blocking of the superparamagnet, where cluster moments freeze due to their own anisotropic barrier, independently of adjacent clusters. It should be noted that because the Fe clusters are sandwiched between the Li clusters as described above, even the ferromagnetic ͑FM͒ spin correlations would give rise to the magnetic diffuse scattering intensity around the seemingly AF position 0 1 2 1 2 . Therefore, we cannot conclude whether the correlation in these very small spin clusters ͑containing only a few Fe atoms͒ is FM or AF.
As the temperature is lowered below T m1 , the muon-spin precession frequency ͑f M ͒ starts to increase, indicating development of internal magnetic fields due to longer-range spin correlations. Concomitantly, neutron diffraction detects sharper diffuse scattering, showing that the spin-correlation length increases to s Ϸ 14 Å. Since A TF in the TF-+ SR disappears, all the spins have static moment, i.e., a finite expectation value for the spin operator ͗S i ͘ at any ith site, below T m1 , although spatially only short-range correlations are established. The diffuse peak appears at 0 1 2 1 2 , suggesting the AF nature of the intercluster correlations. Since the muon precession frequency f M and neutron diffuse scattering intensity further increase gradually below T m1 , the static moment ͗S i ͘ grows down to T Ϸ 50 K, where both of them saturates. We wish to emphasize that the spin correlation never reaches infinite and thus the magnetic order is only short ranged even at lowest temperature, although a bulk ordering is established ͑i.e., all the moments are frozen.͒ The damped oscillation in the ZF-+ SR spectrum even at the lowest T measured, i.e., "Kubo-Toyabe-type" oscillation also supports the above discussion/estimation. We infer that intrinsic randomness due to the chemical disorder may be the origin of short-range order at base temperature.
V. SUMMARY
We have performed complementary magnetization, neutron-diffraction, and + SR measurements to study magnetic ordering behavior in ␤Љ-LiFeO 2 . The neutron powder diffraction at room temperature detects chemical inhomogeneity for the Fe/Li atoms; small Fe-atom clusters with the length scale of b Ϸ 2 Å are observed. For the magnetic ordering we found a very intriguing two-step freezing behavior. As temperature is decreased, the moment fluctuations first become slower below T m0 Ϸ 170 K, with small amount of spin clusters frozen below this temperature. This suggests that ␤Љ-LiFeO 2 behaves similarly to a superparamagnet, consisting of very small spin clusters formed in the short-range clustering of Fe atoms. At T m1 Ϸ 110 K, bulk magnetic order is detected in the + SR measurement, whereas the neutron diffraction only detects finite-spatial-length correlation ͑ s Ϸ 14 Å͒ down to the lowest temperature. This indicates that only short-range AF order is established in ␤Љ-LiFeO 2 , most likely due to the intrinsic randomness caused by chemical disorder. 
